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Abstract Protective NiCoCrAlYTa coatings are used on gas turbine single crystal
superalloy blades to provide environmental resistance. They can be deposited by
several processes. In this study, isothermal oxidation behaviour of NiCoCrAlYTa
coatings produced by HVOF spraying and TribometTM process and deposited on
single crystal nickel-based superalloy CMSX-4 were compared between 950 and
1,150 C for several exposure durations. Microstructure and chemical composition
of both coatings were examined before and after oxidation testing and quite similar
observations were made for both coating processes. The combination of phase and
chemical analyses allowed the establishment of an occurrence diagram of phases for
both coating processes, according to temperature and duration of exposure. The
obtained diagrams seemed similar for both processes. Finally both processes
appeared to be equivalent for the protection of CMSX-4 superalloy in isothermal
oxidation conditions.
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Introduction
Single crystal nickel-based superalloys are extensively used as turbine blade materials
in helicopters, due to their high temperature strength and mechanical properties [1, 2].
The working environment of gas turbines is extremely severe and operating
temperatures range from 900 to 1,150 C. To improve the single crystal superalloy
resistance to high temperature corrosion and oxidation, a protective coating is
deposited on the surface of the blades [3, 4]. Diffusion coatings overlay coatings and
thermal barrier coatings have been developed to provide the environmental resistance.
NiCoCrAlYTa coating is typically used in gas turbines and is more commonly
deposited by vacuum plasma spraying and TribometTM process. These MCrAlY
coatings have been studied extensively [5–11]. An alternative process is high velocity
oxygen fuel (HVOF) spraying [12–14]. The purpose of this paper is to study the
deposit of NiCoCrAlYTa coating by HVOF spraying on CMSX-4 superalloy, to
analyze its behaviour in terms of oxidation resistance and to compare it with the
coating behaviour obtained with TribometTM process.
The behaviour and the environmental resistance properties of NiCoCrAlYTa
coatings are linked to their microstructure, thus the follow-up of evolution of the
present phases is essential. Consequently microstructure and chemical composition
of both coatings, by TribometTM process and by HVOF spraying, were examined
before and after oxidation testing. An occurrence diagram of phases and aluminium
loss for both coating processes could be established, allowing the identification of
the state of degradation of the coating and the changes in nature of the phases.
Materials and Experimental Procedures
Samples
The system investigated in this study is the single crystal nickel-based superalloy
CMSX-4 coated with NiCoCrAlYTa coating. This alloy is a second generation
superalloy developed by Cannon Muskegon, Muskegon, USA for gas turbine
applications [15]. Its chemical composition is given in Table 1.
Rectangular coupons 1 mm thick, 10 mm wide and 30 mm long with chamfered
edges were spark machined from a CMSX-4 bar solution-treated by Doncasters
Precision Castings, Bochum, Germany. Specimens were then coated with NiCoCr
AlYTa coating either by TribometTM process or by HVOF spraying. The average
thickness of both NiCoCrAlYTa coatings was between 70 and 90 lm depending on
specimens. The coating made by the TribometTM process, where CrAlYTa particles
are entrapped in a growing Ni-Co electroplate layer to produce a uniform dispersion
Table 1 Nominal composition of the CMSX-4 single crystal superalloy used in this study (in wt%)
Ni Al Co Cr Hf Mo Re Ta Ti W
Bal. 5.6 9.6 6.4 0.1 0.6 3.0 6.5 1.0 6.4
[16], was provided by Praxair Surface Technologies, Oldmixon Crescent, England.
The NiCoCrAlYTa coating made by HP/HVOF process [17] was sprayed with a JP-
5000 system. The nominal composition of NiCoCrAlYTa coatings is given in
Table 2.
The heat-treatment consisted of a diffusion treatment during 4 h at 1,100 C in
low pressure argon atmosphere.
Isothermal Oxidation Tests and Observation
Isothermal oxidation tests were performed in laboratory air environment on both
types of coating deposited on specimens at different temperatures between 950 and
1,150 C, for different exposure times (4, 25, 100 and 900 h) depending on
temperature. The different conditions tested in this study are listed in Table 3.
Specimens were then examined on polished cross-sections. Both optical and
scanning electron microscopy (SEM) with X-ray energy-dispersive spectroscopy
(XEDS) studies were carried out before and after each oxidation testing. Attention
has been paid to the evolution of microstructure and the consumption of aluminium
from the as-coated condition through to subsequent thermal exposure.
Results and Discussion
Comparison of Coating Processes After Full Heat Treatment
The resulting microstructures of NiCoCrAlYTa coatings, by TribometTM process
and HVOF spraying, after heat-treatment, are shown in Fig. 1a, b) respectively.
Cohesion of the coatings with the substrate is strong and no macrocracks were
found. The composition of the coating deposited by HVOF spraying is homoge-
neous because molten NiCoCrAlYTa powder is projected through a flame at
supersonic speed onto the substrate. On the other hand, the composition of the
coating produced by TribometTM process is locally heterogeneous even after the
Table 2 Composition of NiCoCrAlYTa coatings (in wt%)
Ni Co Cr Al Y Ta
HVOF Bal. 23 20 8.5 0.6 4.5
TribometTM Bal. 24 19 8 0.4 4.5
Table 3 Conditions of exposure temperature and time on NiCoCrAlYTa coatings
Temperature
(C)
950 1,000 1,050 1,100 1,150
Time (h) 100 and
900
25, 100 and
900
25, 100 and
900
4, 25, 100 and
900
4, 25 and
100
diffusion treatment because CrAlYTa particles in suspension in NiCo solution are
deposited during the process. Consequently the particles are trapped in the matrix.
Moreover the phases present have different structures in both coatings: indeed, the
structure is fine with HVOF spraying and coarser with TribometTM process.
Microstructures After Isothermal Oxidation Tests
The microstructure of the NiCoCrAlYTa coating consists of b-NiAl (B2 structure)
and c’-(Ni,Cr)3Al (L12 structure) islands in a c matrix (Ni, Co, Cr rich phase with
fcc structure). Moreover Ta- (and Ti-) rich precipitates can be observed in both
coatings. The phases and particles present are illustrated in Fig. 2, after 100 h
isothermal exposure at 950 C for both coatings (a: TribometTM process, b: HVOF
spraying). One can also observe dark particles which are oxides dispersed in the
microstructure, principally in NiCoCrAlYTa coating deposited by HVOF spraying.
During NiCoCrAlYTa coating oxidation, grains of aluminium-rich b phase
gradually convert to islands of c’ phase and then to c phase by consumption of the
aluminium. This is due to both the formation of the oxide scale and, near the
coating/superalloy interface, the interdiffusion with the substrate, as shown in Fig. 3
for an isothermal oxidation test on sample coated by HVOF spraying after 100 h at
950 C. As a result of the decrease of the aluminium content, the depletion of the
b-NiAl phase then of the c’ phase occurs in the coating.
The microstructures and phases of the oxidized coatings depend on the exposure
temperature and duration, as shown in Table 4. After treatments at lowest
temperatures and times, coatings are three-phased, whereas after treatments at
highest temperatures, coatings are converted fully to a single c phase during the
oxidation duration. For intermediate conditions, two-phased microstructures are
observed. Present phases are very similar for both NiCoCrAlYTa coatings for all the
conditions, except at 1,050 C during 900 h. One can notice that c’ phase is only
present at 950, 1,000 and 1,050 C because at higher temperatures, its stability
domain is reduced in favor of b and c phases. These results are in agreement with
the Ni–Cr–Al ternary phase diagram of Taylor and Floyd [18]. To determine the
average aluminium content, three measures by XEDS have been performed on the
50 µm 50 µm
NiCoCrAlYTa NiCoCrAlYTa
CMSX-4 CMSX-4
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Fig. 1 SEM image of NiCoCrAlYTa coating deposited by TribometTM process (a) and HVOF spraying
(b) on CMSX-4 superalloy after full heat treatment
whole coating thickness of each tested sample. The consumption of aluminium
increases during long times of exposure and at high temperatures. Moreover it
seems that, for constant temperature, aluminium content is decreasing more slowly
with exposure duration in the case of HVOF coating than for TribometTM coating.
The combination of these results allows the establishment of an occurrence diagram
of phases, shown in Fig. 4, and quite similar to that obtained in [8]. This diagram
characterizes the microstructure of the coating according to temperature and time of
exposure. It allows the identification of the state of degradation of the coating.
One can consider that NiCoCrAlYTa coating has a protective effect on CMSX-4
superalloy in the domains with three phases b/c/c’ or two phases b/c or c/c’. On the
other hand, during long time at 1,100 and 1,150 C, the microstructure is single
phased c for both coating processes. During isothermal oxidation tests, the
NiCoCrAlYTa coating microstructure diagram is very similar for TribometTM
process and HVOF spraying.
Ta-rich precipitates are observed in both coatings, particularly when the
temperature is lower than 1,100 C since the coating is then rich in b phase.
Indeed Ta is not very soluble in b phase. At 1,100 and 1,150 C, the precipitates
dissolve because the coating is rapidly converted to c single-phased. Moreover
Ta-rich precipitates are also observed at the coating/substrate interface. During long
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Fig. 3 Al depletion in NiCoCrAlYTa coating deposited by HVOF spraying, after isothermal oxidation
test during 100 h at 950 C
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Fig. 2 SEM image of present phases in NiCoCrAlYTa coating deposited by TribometTM process (a) and
HVOF spraying (b) on CMSX-4 superalloy after 100 h isothermal exposure at 950 C
times of exposure and at high temperatures they grow as cuboids. They enrich with
Ti from substrate because of interdiffusion phenomena. Ta traps Ti and thus inhibits
the formation of TiO2 that is less protective than alumina scale [7, 19, 20]. Ta-rich
precipitates are slightly more abundant in NiCoCrAlYTa coating deposited by
TribometTM process than by HVOF spraying.
In both NiCoCrAlYTa coatings, alumina and other oxides (Cr- or Y-rich) are also
dispersed, as illustrated by Fig. 5 after isothermal oxidation test at 1,000 C during
Table 4 Exposure temperature and time dependence of NiCoCrAlYTa coatings microstructure
Temperature (C) Exposure time (h) Phases Aluminium content (wt%)
TribometTM HVOF TribometTM HVOF
950 100 b/c/c’ b/c/c’ 7.2 6.9
900 c/c’ c/c’ 5.8 6.6
1,000 25 b/c/c’ b/c/c’ 7.6 7.7
100 b/c/c’ b/c/c’ 6.4 6.5
900 c/c’ c/c’ 5.3 5.7
1,050 25 b/c b/c/c’ 6.7 7.5
100 c/c’ c/c’ 5.6 5.7
900 c c/c’ 4.9 5.2
1,100 4 b/c b/c 8.3 8.2
25 b/c b/c 5.7 6.7
100 c c 5.1 5.4
900 c c 4.5 5.0
1,150 4 b/c b/c 6.4 7.1
25 c c 5.5 5.7
100 c c 4.9 5.2
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Fig. 4 Coating microstructure diagram, function of temperature and exposure duration
900 h on NiCoCrAlYTa coating by HVOF spraying. However they are much more
abundant in NiCoCrAlYTa coating deposited by HVOF spraying because NiCoCr
AlYTa particles can oxidize during the projection of powder in flame. The size of
oxides is quite small and they are arranged in chains. These small oxides can have a
beneficial effect on mechanical properties of NiCoCrAlYTa coating in reinforcing it
with hardening particles. Their small size prevents a possible embrittlement of
NiCoCrAlYTa coating. According to Toma et al. [14], this fine oxide dispersion
could also have a beneficial effect on the high-temperature oxidation behaviour in
promoting the fast formation of protective a-Al2O3 on HVOF MCrAlY coatings.
Small porosities were also observed in both coating processes.
Consequently NiCoCrAlYTa coatings deposited by both processes are quite
similar after isothermal oxidation tests in terms of microstructure and phase
evolution. NiCoCrAlYTa coating degradation seems roughly equivalent according
to coating microstructure diagram. But this diagram is not the only criterion of
coating degradation and protection degree.
Comparison of Aluminium Loss between both Coating Processes
The follow-up of aluminium lost is also fundamental because aluminium is a
protective element of the NiCoCrAlYTa coating. In fact, a large Al reservoir is
beneficial for the formation of a protective alumina scale. The quantity of
aluminium is calculated by (1) [21]:
Quantity ðmg cm2Þ ¼ dNiCoCrAlYTa  tNiCoCrAlYTa  Al %mass=100 ð1Þ
where dNiCoCrAlYTa is coating density, tNiCoCrAlYTa is coating thickness and Al %mass
is coating content of aluminium. The value of coating density is calculated by using
empirical formula of Hull [22], applicable for superalloys, and is equal to
7.7 g cm-3 in this study. tNiCoCrAlYTa is the average measure of coating thickness on
all the samples of a coating process tested in this study and is equal to 78 lm for
20 µm
Fig. 5 Dispersion of oxides (black particles) in NiCoCrAlYTa coating deposited by HVOF spraying
after 900 h exposure at 1,000 C
HVOF spraying and 75 lm for TribometTM process. Therefore the loss of alu-
minium is estimated by (2):
Al loss ð%Þ ¼ Quantity ðrefÞ  Quantity
Quantity ðrefÞ ð2Þ
The aluminium loss has been determined for both coating processes and has been
used to construct Fig. 6 where normalized aluminium loss (compared with the
maximal aluminium loss of this study obtained at 1,100 C and after 900 h with
TribometTM process) is plotted as a function of isothermal oxidation duration.
For all the tested temperatures aluminium loss is large and fast during the first
100 h (conversion of b and c’ phases in c phase and a-Al2O3 scale formation) then
decreases strongly since aluminium depletion is a phenomenon controlled by
interdiffusion and oxide scale formation. The consumption of aluminium increases
with high temperature and exposure time since interdiffusion and oxidation are
thermally activated phenomena. For all the tested temperatures, aluminium loss
after 900 h is slightly larger for NiCoCrAlYTa coating deposited by TribometTM
process than by HVOF spraying. These results confirm that NiCoCrAlYTa coatings
deposited by both processes are quite equivalent in terms of isothermal oxidation
resistance at high temperatures. Results obtained in cyclic oxidation/corrosion but
not presented in this paper show also equivalence between both processes [23].
Conclusions
In this study, the deposit of NiCoCrAlYTa coating by HVOF spraying on CMSX-4
has been analyzed. Firstly the coating obtained after spraying and full heat-
treatment presents a fine and homogeneous structure whereas the structure is coarser
and less homogeneous with the same NiCoCrAlYTa coating deposited by
TribometTM process. Both coatings have the same composition and phases.
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Fig. 6 Evolution of aluminium loss in function of exposure duration
Moreover isothermal oxidation tests performed on both coatings between 950 and
1,150 C showed that coatings deposited by HVOF spraying and by TribometTM
process exhibit similar behaviours. Indeed microstructural evolution of both
coatings is identical, as shown by both diagrams of occurrence of phases that are
roughly equivalent. Furthermore, during isothermal oxidation tests performed in this
study, NiCoCrAlYTa coating by HVOF spraying exhibits aluminium loss of similar
magnitude (even lower) than those obtained with NiCoCrAlYTa coating deposited
by TribometTM process. Similarly to this last well-known NiCoCrAlYTa coating,
NiCoCrAlYTa coating obtained by HVOF spraying shows thus high protection for
CMSX-4 superalloy in isothermal oxidation and HVOF spraying seems to represent
a good alternative process for NiCoCrAlYTa coating deposit.
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